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Background 

10 1 . Field of the Invention 

[0001] The present invention is related to high-speed communications of data in a 
communication system and, in particular, to high data rate transmission of data between 
components in a communication system. 

2. Discussion of Related Art 

1 5 [0002] Many conventional systems for transmitting data between components within 
a cabinet or between cabinets of components utilize copper or optical backplanes for 
transmission of digital data. For example, high data rate transceivers are utilized in many 
backplane environments, including optical switching devices, router systems, switches, 
chip-to-chip communications and storage area networking switches. Other systems that 

20 utilize high speed communication between components include inter-cabinet 

communications and chip-to-chip communications. Typical separations of components in 
such systems is between about 0.1 and about 10 meters. 

[0003] Existing techniques utilized in such environments typically use non-return to 
zero (NRZ) modulation to send and receive information over high-speed backplanes or 
25 for high data rate chip-to-chip interconnects. Typically, the transceiver for sending high- 
speed data over a backplane is called a serializer/deserializer, or SERDES, device. 

[0004] Figure 1A shows a block diagram of a backplane environment 100. 
Components 101-1 through 101-Q are coupled to transmit and receive data through 
input/output (I/O) ports 102-1 through 102-Q, respectively, to backplane 1 10. 
3 0 Conventionally, components 101-1 through 1 0 1 -Q are SERDES devices. 
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[0005] Figure IB shows a block diagram of a conventional transmitter portion of one 
of SERDES devices 101-1 through 101-Q on I/O ports 102-1 through 102-Q, 
respectively. Parallel data is received in a bit encoder 105. Bit encoder 105 encodes the 
parallel data for example, by adding redundancy in the input data, to ensure a minimum 
5 rate of data transitions in the output data stream. Typical encoding schemes include rate 
8/10 (8 bit input to 10 bit output) encoding. The parallel data is serialized in parallel to 
serial converter 106. Output driver 107 then receives the serialized data from parallel to 
serial converter 106 and outputs, usually, a differential voltage signal for transmission 
over backplane 1 10. In addition, there is typically a phase locked loop (PLL) 1 14 that 
10 provides the necessary clock signals for encoder 105 and parallel-to-serial converter 106. 
The input signal to PLL 1 14 is a reference clock signal from a system PLL 103. 

[0006] Figure 1C shows a conventional receiver 108 of one of SERDES devices 101- 
1 through 101-Q on I/O ports 102-1 through 102-Q, respectively, of Figure 1 A. Input 
driver 109 receives differential voltage signal from backplane 1 10 and outputs the analog 

15 data signal to clock and data recovery circuit 113. Data recovery 113 can, in some 

systems, perform equalization and recover the timing and output a serial bit stream of 
data to serial-to-parallel converter 111. The serial data is input to bit decoder 1 12 which 
converts the parallel data to parallel decoded data. Clock and data recovery circuit 113 
also outputs the necessary clock signals to serial-to-parallel converter 111 and bit 

20 decoder 112. 

[0007] A conventional SERDES system 100 can enable serial data communication at 
data rates as high as 2.5Gbps to 3.125Gbps over a pair of FR4 copper traces in a copper 
backplane communication system. The biggest problem with existing SERDES systems 
100 is that they are very bandwidth inefficient, i.e., they require 3.125GHz of bandwidth 

25 to transmit and receive 2.5Gbps of data over a single pair of copper wires. Therefore, it is 
very difficult to increase the data rates across backplane bus 110. Additionally, SERDES 
system 100 requires the implementation of a high clock rate (3.125 GHz for 2.5 Gbps 
data rates) phase locked loop (PLL) 1 14 implemented to transmit data and recovery of 
high clock rates in data recovery 113. The timing window within which receiver 108 

30 needs to determine whether the received symbol in data recovery 1 10 is a 1 or a 0 is about 
320 ps for the higher data rate systems. This timing window creates extremely stringent 
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requirements on the design of data recovery 113 and PLL 1 14, as they must have very 
low peak-to-peak jitter. 

[0008] Conventional SERDES system 100 also suffer from other problems, including 
eye closure due to intersymbol interference (ISI) from the dispersion introduced by 
5 backplane 1 1 0. The ISI is a direct result of the fact that the copper traces of backplane 
110 attenuate higher frequency components in the transmitted signals more than the lower 
frequency components in the transmitted signal. Therefore, the higher the data rate the 
more ISI suffered by the transmitted data. In addition, electrical connectors and electrical 
connections (e.g., vias and other components) used in SERDES device 100 cause 
10 reflections, which also cause ISI. 

[0009] To overcome these problems, equalization must be performed on the received 
signal in data recovery 113. However, in existing very high data-rate communication 
systems, equalization is very difficult to perform, if not impossible due to the high baud 
rate. A more commonly utilized technique for combating ISI is known as "pre- 

15 emphasis", or pre-equalization, performed in bit encoder 105 and output driver 107 

during transmission. In some conventional systems, the amplitude of the low-frequencies 
in the transmitted signal is attenuated to compensate for the higher attenuation of the high 
frequency component by the transmission medium of bus 110. While this makes the 
receiver more robust to ISI, pre-emphasis reduces the overall noise tolerance of 

20 transmission over backplane 1 10 of backplane communication system 100 due to the loss 
of signal-to-noise ratio (SNR). At higher data rates, conventional systems quickly 
become intractable due to the increased demands. 

[0010] Therefore, there is a need for a more robust system for transmitting data 
between components on a backplane or data bus at very high speeds. 
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Summary 



[0011] In accordance with the present invention, a data transmission system is 
presented that allows very high data transmission rates over a data bus that utilizes the 
5 signal attenuation properties of the copper based backplane interconnect system. In 

addition, this transmission scheme does not result in increased intersymbol interference at 
the receiver despite transmitting data at a very high speed. The data transmission system 
includes a transmitter and a receiver coupled through a transmission medium. The 
transmitter receives parallel data having N bits and separates the N bits into K subsets for 

10 transmission into K frequency separated channels on a transmission medium. The 

receiver receives the data from the K frequency separated channels from the transmission 
medium and recovers the N parallel bits of data. In some embodiments, the N parallel 
bits are separated into K subsets of bits, the K subsets of bits are encoded into a K 
symbols, each of which is up-converted to a carrier frequency appropriate to one of the K 

15 channels. The summed output signal resulting from up-converting into each of the K 
channels is transmitted over the transmission medium. 

[0012] In some embodiments, the transmitter includes K separate modulators. Each 
of the K modulators receives a subset of the N-bits, encodes the subset of bits, and 
modulates the encoded symbols with a carrier signal at a frequency separated from that of 
20 others of the K modulators. The summed signals from each of the K separate modulators 
is transmitted over the transmission medium. The transmission medium can be any 
medium, including optical, twisted copper pair, or copper based backplane interconnect 
channel. 

[0013] In some embodiments, each of the K modulators receives a subset of the N 
25 data bits, encodes the subset, maps the encoded subset onto a symbol set, and up-converts 
the analog symbol stream to a carrier frequency assigned to that modulator. The up- 
converted symbol stream is then transmitted through the transmission medium to a 
receiver having a demodulator for down-converting and recovering the data stream 
transmitted on each of the carrier frequencies. For example, in some embodiments, each 
30 of the K modulators receives the subset of bits, encodes them with a trellis encoder and 
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maps them onto a quadrature-amplitude modulated (QAM) symbol set. In some 
embodiments, the symbols output from the QAM mapping are processed through a 
digital-to-analog converter before being up-converted to a carrier frequency to produce 
the output signal from the modulator. Any encoding and symbol mapping scheme can be 
5 utilized. 

[0014] Each of the output signals from the K modulators are summed for 
transmission in K separate transmission channels on the transmission medium. The 
receiver receives the summed signals, with data transmitted at K separate channels. In 
some embodiments, the receiver down-converts the summed signals by the frequency of 
1 0 each of the K separate channels to recover the symbols transmitted in each of the K 

separate channels. The subsets of digital data can then be recovered from the recovered 
symbols. 

[0015] The receiver receives the combined signal, separates the signal by carrier 
frequency, and recovers the bits from each carrier frequency. In some embodiments, the 
1 5 signal received from the transmission medium is received into K parallel demodulators. 
Each of the K demodulators separates out the signal centered around the carrier frequency 
allocated to that channel by the transmitter, equalizes the signal, and decodes the signal to 
retrieve the subset of N bits assigned to the corresponding transmitter modulator. 

[0016] As a result, parallel streams of serial data bits are separated into separate 
20 subsets which are transmitted on different frequency bands to form separate channels on 
the transmission medium. Therefore, the data rate and the symbol rate transmitted in 
each of the separate channels can be much lower than the overall data transmission rate. 
The lower data rate and symbol rate in each channel provides for simpler receiver 
processing with many fewer problems (e.g., speed of components utilized for equalization 
25 and data recovery) than the high data rate transmissions. In addition, because the symbol 
rates are lower, the amount of receiver equalization needed on each of the K channels is 
quite small, and can be implemented with a simpler equalization structures. Because of 
the lower symbol rates, receiver signals can be processed with complex, optimal 
algorithms. 

30 [0017] In some embodiments, the transmission into each of the available transmission 
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channels can be bit-loaded so that the channels occupying the lower part of frequency 
spectrum can be modulated with higher order symbol constellations to provide higher bit 
throughput per modulated symbol in those channels. Conversely, the channels occupying 
the higher carrier frequencies can be modulated with lower order symbol constellations to 
5 provide lower number of bits per modulated symbol. By performing bit- loading, the data 
throughput that can be achieved over the transmission medium, for example a copper 
based interconnect system, can be maximized because the signal-to-noise ratio (SNR) 
available in the channel is higher at lower frequencies in the channel than in the higher 
frequencies. Thus, the bit-loaded transmission technique can be tailored to maximize the 

10 overall capacity of a copper based interconnect system. In embodiments with QAM 
symbol constellations, for example, QAM constellations with more symbols (and 
therefore which can carry more bits per symbol) can be transmitted in channels with 
lower carrier frequencies while QAM constellations with fewer symbols (and therefore 
representing fewer bits per symbol) can be transmitted in channels with higher carrier 

1 5 frequencies. 

[0018] These and other embodiments are further described below with respect to the 
following figures. 

20 

Short Description of the Figures 

[0019] Figures 1 A, IB and 1 C show block diagrams for a conventional system of 
transmitting data over a backplane. 

25 [0020] Figure 2A shows a block diagram of a transmission system according to the 
present invention. 



[0021] Figure 2B shows a block diagram of a transmitter according to the present 
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invention. 

[0022] Figure 2C shows a block diagram of a receiver according to the present 
invention. 

[0023] Figure 3 shows a graph of attenuation versus transmission band on the 
5 transmission medium according to the present invention. 

[0024] Figure 4 shows a block diagram of an embodiment of a transmission 
modulator according to the present invention. 

[0025] Figure 5 shows a block diagram of an embodiment of a receiver demodulator 
according to the present invention. 

10 [0026] Figure 6a shows a schematic diagram of a trellis encoder according to the 
present invention. 

[0027] Figure 6b shows a schematic diagram of a 256-constellation QAM mapping 
according to the present invention. 

[0028] Figure 7 shows a block diagram of an embodiment of a tracking and error- 
1 5 recovery circuit of the receiver shown in Figure 5 . 

[0029] Figure 8 shows a block diagram of an embodiment of an automatic gain 
control circuit of a receiver demodulator according to the present invention. 

[0030] Figure 9 shows a block diagram of a transceiver chip according to the present 
invention. 

20 [0031] In the figures, elements designated with the same identifications on separate 
figures are considered to have the same or similar functions. 

Detailed Description 

[0032] Figure 2A shows a block diagram of a transmission system 200 according to 
the present invention. System 200 includes any number of components 201-1 through 
25 20 1 -P, with component 20 1 -p representing an arbitrary one of components 201-1 through 
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201-P, coupled through a transmission medium 250. Transmission medium 250 may 
couple component 201-p to all of the components 201-1 through 201-P or may couple 
component 201-p to selected ones of components 201-1 through 201-P. In some 
embodiments, components 201-1 through 201-P are coupled through FR4 copper traces. 

5 [0033] System 200 can represent any backplane system, any chassis-to-chassis digital 
communication system, or any chip-to-chip interconnect with components 201-1 through 
201-P representing individual cards, cabinets, or chips, respectively. 

[0034] Transmission channel 250 can represent any transmission channel, including 
optical channels, wireless channels, or metallic conductor channels such as copper wire or 
10 FR4 copper traces. Typically, transmission channel 250 attenuates higher frequency 
signals more than lower frequency signals. As a result, intersymbol interference 
problems are greater for high data rate transmissions than for lower data rate 
transmissions. In addition, cross-talk from neighboring signals increases with 
transmission frequency. 

15 [0035] Components 201-1 through 201-P include transmitters 210-1 through 210-P, 
respectively, and receivers 220-1 through 220-P, respectively. Further, in some 
embodiments, timing for all of components 201-1 through 201-P can be provided by a 
phase-locked-loop (PLL) 203 synchronized to a transmit clock signal. In some 
embodiments, PLL 203 provides a reference clock signal and each of components 201-1 

20 through 201-P can include any number of phase locked loops to provide internal timing 
signals. 

[0036] In some systems, for example backplane systems or cabinet interconnects, the 
transmission distance through transmission channel 250, i.e. the physical separation 
between components 201-1 through 201-P, can be as low as 1 to 1.5 meters. In some 

25 chip-to-chip environments, the physical separation between components 201-1 though 
201-P can be much less. In some embodiments of the present invention, separations 
between components 201-1 through 201-P as high as about 100 meters can be realized. 
Furthermore, in some embodiments transmission channel 250 can be multiple twisted 
copper pair carrying differential signals between components 201-1 through 201-P. In 

30 some embodiments, components 201-1 through 201-P can share wires so that fewer wires 
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can be utilized. In some embodiments, however, dedicated twisted copper pair can be 
coupled between at least some of components 201-1 through 201 -P. Further, 
transmission medium 250 can be an optical medium, wireless medium, or data bus 
medium. 

5 [0037] Figure 2B shows a block diagram of an embodiment of transmitter 210-p, an 
arbitrary one of transmitters 210-1 through 210-P. Transmitter 210-p receives an N-bit 
parallel data signal at a bit allocation block 211. Bit allocation block 211 also receives 
the reference clock signal from PLL 203. Bit allocation block 211 segregates the N input 
bits into K individual channels such that there are n! through n K bits input to modulators 
10 212-1 through 212-K, respectively. In some embodiments, each of the N bits is assigned 
to one of the K individual channels so that the sum of ni through n K is the total number of 
bits N. In some embodiments, bit allocation block 211 may include error pre-coding, 

K 

redundancy, or other overall encoding such that the number of bits output, i.e. ]T n ; , is 
greater than N. 

15 [0038] Each of modulators 212-1 through 212-K encodes the digital data input to it 
and outputs a signal modulated at a different carrier frequency. Therefore, the n k digital 
data bits input to modulator 212-k, an arbitrary one of modulators 212-1 through 212-K, 
is output as an analog signal in a kth transmission channel at a carrier frequency f k . 
Figure 3 shows schematically the transport function for a typical transmission channel 

20 250 (Figure 2A), H(f). As is shown, the attenuation at higher frequencies is greater than 
the attenuation at lower frequencies. Modulators 212-1 through 212-K transmit analog 
data at carrier frequencies centered about frequencies fi through f*K, respectively. 
Therefore, modulators 212-1 through 212-K transmit into transmission channels 301-1 
through 301-K, respectively. The width of the bands of each of transmission channels 

25 301-1 through 301-K can be narrow enough so that there is little to no overlap between 
adjacent ones of transmission channels 301-1 through 301-K. In some embodiments, 
since the attenuation for the lower frequency channels is much smaller than the 
attenuation for the higher frequency channels, lower frequency channels can be bit-loaded 
to carry higher number of bits per baud interval than the number of bits per baud interval 

30 that can be carried at higher carrier frequencies. 
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[0039] The analog output signal from each of modulators 212-1 through 212-K, yi(t) 
through yic(t), then represents the transmission signal in each of channels 301-1 through 
301-K, respectively. Signals yi(t) through y K (t), then, are input to summer 213 and the 
summed analog signal z(t) is input to output driver 214. In some embodiments, output 
5 driver 214 generates a differential transmit signal corresponding to signal z(t) for 

transmission over transmission medium 250. Output driver 214, if transmission medium 
250 is an optical medium, can also be an optical driver modulating the intensity of an 
optical signal in response to the signal z(t). 

[0040] Figure 2C shows an embodiment of a receiver 220-p, which can be an 
10 arbitrary one of receivers 220-1 through 220-P of Figure 2A. Receiver 220-p can receive 
a differential receive signal, which originated from one of transmitters 210-1 through 
210-P, into an input buffer 224. In some embodiments, an optical signal can be received 
at input buffer 224, in which case input buffer 224 includes an optical detector. The 
output signal from input buffer 224, Z(t), is closely related to the output signal z(t) of 
15 summer 213. However, the signal Z(t) shows the effects of transmission through 
transmission medium 250 on z(t), including intersymbol interference (ISI). 

[0041] The signal Z(t) is input to each of demodulators 222- 1 through 222-K. 
Demodulators 222-1 through 222-K demodulates the signals from each of the 
transmission channels 301-1 through 301-K, respectively, and recovers the bit stream 

20 from each of carrier frequencies fi through f K , respectively. The output signals from each 
of demodulators 222-1 through 222-K, then, include parallel bits ni through njc, 
respectively. The output signals are input to bit parsing 221 where the transmitted signal 
having N parallel bits is reconstructed. Receiver 220-p also receives the reference clock 
signal from PLL 203, which is used to generate internal timing signals. Furthermore, 

25 receiver 220-p outputs a receive clock signal with the N-bit output signal from bit parsing 
221. 

[0042] In some embodiments, N-bits of high-speed parallel digital data per time 
period is input to bit allocation 21 1 of transmitter 210-p along with a reference clock 
signal. Data is transmitted at a transmit clock rate of CK1, which can be determined by 
30 an internal phase-locked -loop from the reference clock signal. Each of these input signals 
of N-bits can change at the rate of a transmit clock signal CK1 . The transmit clock signal 
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CK1 can be less than or equal to r\ GHz/N, where n represents the total desired bit rate 
for transmission of data from transmitter 210-p over transmission medium 250. The 
resultant maximum aggregate input data rate, then, equals n Gbps. The r\ Gbps of 
aggregate input data is then split into K sub-channels 301-1 through 301 -K (see Figure 3) 
5 which are generated by modulators 212-1 through 2 1 2-K, respectively, such that: 

K 

Y,B k n k =r\Gbps, (1) 



where n k is the number of bits transmitted through the kth transmission band, centered 
10 about frequency f k , with a symbol baud rate on the k a sub-channel being equal to B k . 

[0043] In some embodiments of the invention, each of the K sub-channels 301-1 
through 301 -K can have the same baud rate B. In general, the baud rate B k of one sub- 
channel 301-k, which is an arbitrary one of sub-channels 301-1 through 301-K, can differ 
from the baud rate of other sub-channels. Additionally, bit-loading can be accomplished 
15 by choosing symbol sets which carry a larger number of bits of data for transmission 

channels at lower frequencies and symbol sets which carry a lower number of bits of data 
for transmission channels at higher frequencies (i.e., n k is higher for lower frequencies). 

[0044] In the case of a copper backplane interconnect channel of trace length l< 2 
meters, for example, the signal-to-noise ratio of the lower carrier frequency channels is 

20 substantially greater than the signal-to-noise ratio available on the higher sub-channels 
because the signal attenuation on the copper trace increases with frequency and because 
the channel noise resulting from alien signal cross-talk increases with frequency. These 
properties of the copper interconnect channel can be exploited to "load" the bits/baud of 
the K sub-channels so that the overall throughput of the interconnect system is 

25 maximized. For example, digital communication signaling schemes 

(modulation+coding), see, e.g. Bernard Sklar, Digital Communications, 
Fundamentals and Applications (Prentice-Hall, Inc., 1988), can be utilized that 
provide higher bit density per baud interval over channels occupying the lower region of 
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the frequency spectrum, and that result in lower bit density over channels that occupy 
higher frequencies. This "bit-loading" is especially important when the data rates over 
copper interconnect channel need to be increased, for example to a rate in excess of 10 
Gbps per differential copper pair. 

5 [0045] Figure 4 shows an embodiment of modulator 212-k, an arbitrary one of 

modulators 212-1 through 212-K. Modulator 212-k receives n k bits per baud interval, 1/ 
B h for transmission into sub-channel 301-k. The n k bits are received in scrambler 401 . 
Scrambler 401 scrambles the n k bits and outputs a scrambled signal of n k bits, which 
"whitens" the data. 

10 [0046] The output signal of n k parallel bits is then input to encoder 402. Although 

any encoding scheme can be utilized, encoder 402 can be a trellis encoder for the purpose 
of providing error correction capabilities. Trellis coding allows for redundancy in data 
transmission without increase of baud rate, or channel bandwidth. Trellis coding is 
further discussed in, for example, Bernard Sklar, Digital Communications, 

15 Fundamentals and Applications (Prentice-Hall, Inc., 1988), G. Ungerboeck., "Trellis 
Coding Modulation with Redundant Signal Sets, Part I. Introduction," IEEE 
Communications Magazine, vol. 25, no. 2, Feb. 1987, pp. 5-11, and G. Ungerboeck., 
"Trellis Coding Modulation with Redundant Signal Sets, Part II. State of the Art," IEEE 
Communications Magazine, vol. 25, no. 2, Feb. 1987, pp. 12-21. Other encoding 

20 schemes include block coding schemes such as Reed-Solomon encoders, and BCH 
encoders, see, e.g., G.C.Clark, Jr., and J .B.Cain., Error Correction Coding for 
Digital Communications (Plenum Press, New York, 1981), however they result in an 
increase of channel bandwidth usage. Typically, the signal output from encoder 402 
includes more bits than n k , n k +le. In some embodiments, encoder 402 can be a trellis 

25 encoder which adds one additional bit, in other words encoder 402 can be a rate n k /n k +l 
encoder, see, e.g., G. Ungerboeck., "Trellis Coding Modulation with Redundant Signal 
Sets, Part I. Introduction," IEEE Communications Magazine, vol. 25, no. 2, Feb. 1987, 
pp. 5-11, and G. Ungerboeck., "Trellis Coding Modulation with Redundant Signal Sets, 
Part II. State of the Art," IEEE Communications Magazine, vol. 25, no. 2, Feb. 1987, pp. 

30 12-2 1 . In some embodiments, additional bits can be added to insure a minimum rate of 
transitions so that timing recovery can be efficiently accomplished at receiver 220-p. 
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[0047] Figure 6a shows an embodiment of encoder 402. Encoder 402 of Figure 6a is 
an n k /n k +l trellis encoder. Encoder 402 of Figure 6a performs a Vi convolutional coding 
on the least-significant-bit (LSB) of the n k bit input signal. The LSB is input to delay 
601. The output signal from delay 601 is input to delay 602. The LSB and the output 
5 signal from delay 602 are input to XOR adder 603. The output from XOR adder 603 
provides a coded bit. The LSB, the output signal from delay 601, and the output signal 
from delay 602 are XORed in adder 604 to provide another coded bit. The two coded bits 
are joined with the remaining n k -l bits to form a n k +l bit output signal. Delays 601 and 
602 are each clocked at the symbol baud rate B. One skilled in the art will recognize that 
10 other embodiments of encoder 402 can be utilized with embodiments of this invention. 

[0048] In transmitter 212-k of Figure 4, the output signal from encoder 402 is input to 
symbol mapper 403. Symbol mapper 403 can include any symbol mapping scheme for 
mapping the parallel bit signal from encoder 402 onto symbol values for transmission. In 
some embodiments, symbol mapper 403 is a QAM mapper which maps the (n k +le) bits 
15 from encoder 402 onto a symbol set with at least 2 ( " t+te) symbols. A trellis encoder in 

conjunction with a QAM mapper can provide a trellis encoded QAM modulation for sub- 
channel 301 -k. 

[0049] Figure 6b shows an embodiment of symbol mapper 403. Symbol mapper 403 
receives the n k +l data bits from encoder 402 and generates a symbol which can include 
20 an in-phase component I k and a quadrature component Q k . In some embodiments, 

symbol mapper 403 includes a look-up table 605 which maps the n k +l input bits to the 
complex output symbol represented by I k and Q k . 

[0050] Table I shows an example symbol look-up table for conversion of an 8-bit 
data signal into a 256-symbol QAM scheme. Table entries are in decimal format with the 
25 in-phase values along the bottom row and the quadrature values represented along the last 
column. From Table I, a decimal 79 value, for example, results in an I value of -5 and a 
Q value of +1. 

[0051] The output signal from symbol mapper 403 can be a complex signal 
represented by in-phase signal I k (n) and a quadrature signal Qjc(n), where n represents the 
30 nth clock cycle of the clock signal CK1 , whose frequency equals the baud rate B k . Each 
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of signals Ik(n) and Qk(n) are digital signals representing the values of the symbols they 
represent. In some embodiments, a QAM mapper onto a constellation with 256 symbols 
can be utilized. An embodiment of a 256-symbol QAM constellation is shown in Table I. 
Other constellations and mappings are well known to those skilled in the art, see, e.g., 
Bernard Sklar, Digital Communications, Fundamentals and Applications 
(Prentice-Hall, Inc., 1988) and E.A.Lee and D.G.Messerschmitt, Digital 
Communications (Kluwer Academic Publishers, 1988). The number of distinct 
combinations of I k (n) and Qk(n), then, represents the number of symbols in the symbol set 
of the QAM mapping and their values represents the constellation of the QAM mapping. 

[0052] The signals from symbol mapper 403, I k (n) and Qk(n), are input to filters 404 
and 405, respectively. In some embodiments, filters 404 and 405 are finite impulse 
response (FIR) filters whose impulse response approximates the square-root raised-cosine 
shaping filter with excess bandwidth a k (0<a k <l), as described, for example, in 
Bernard Sklar, Digital Communications, Fundamentals and Applications 
(Prentice-Hall, Inc., 1988). In some embodiments, a k can be made as small as possible so 
that efficient utilization of the available bandwidth is realized. In those embodiments, the 
continuous time-domain impulse response of the square-root raised-cosine pulse of filters 
404 and 405 is given by 



h(t) = 



n{^r(l - a k )tB k } + 4a k B k t cos{tt(1 + a k )tB k } 
nB^-(Aa k B k tf] 



(2) 



where B k is the symbol baud rate of transmission channel 301 -k, oc k is the excess 
bandwidths of filters 404 and 405 of modulator 212-k. In some embodiments, filters 404 
and 405 operate at a multiple of the clock frequency CK1 so that each symbol output 
from symbol mapper 403 is sampled a multiple number of times by filters 404 and 405, at 
a clock rate of clock signal CK2. Timing block 414 receives the reference clock signal 
from PLL 203 and generates clock signals CK1 and CK2. Clock signal CK2 can be 
utilized in filters 404 and 405. In some embodiments, filters 404 and 405 operate at twice 
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the symbol rate, 2B. In embodiments where filters 404 and 405 are a FIR filter with a 
transport function given by Equation (2), then the coefficients of FIR filters 404 and 405 
can be given by 



5 Lj = h(J/2B k ) ;-A < j < X , (3) 



for an FIR filter of length (2X+1), whose output samples are at twice the baud rate B k 
(i.e., CK2 has a frequency twice the baud rate B k ) 

[0053] The output signals from filters 404 and 405 are input to digital-to-analog 
10 converters (DACs) 406 and 407, respectively. DACs 406 and 407 operate at the same 
rate as filters 404 and 405. In some embodiments, therefore, DACs 406 and 407 are 
clocked (with signal CK2) at twice the symbol rate, which is twice the transmission clock 
frequency B k . 

[0054] The analog output signals from DACs 406 and 407, represented by I k (t) and 
15 Qk(t), respectively, can be input to low-pass filters 408 and 409, respectively. The output 
signals from low-pass filters 408 and 409, designated I k LPF (t) and Qk (LPF) (t), respectively, 
are then up-converted to a center frequency f k to generate the output signal of y k (t), the 
kth channel signal. The output signal from low-pass filter 408, I k LPF (t), is multiplied by 
cos(27if k t) in multiplier 410. The output signal from low-pass filter 409, Q k LPF (t), is 
20 multiplied by sin(27tf k t) in multiplier 411. The signal sin(27tf k t) can be generated by PLL 
414 based on the reference clock signal and the signal cos(27tf k t) can be generated by a 
7r/2 phase shifter 413. 

[0055] The output signals from multipliers 4 1 0 and 4 1 1 are summed in summer 4 1 2 
to form 

25 



y k (t)= I L k PF (t)cos(27rf k t) - F (t) sin(2re/ t 0 . 
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The overall output of transmitter 21 0-p (Figure 2B), the output from summer 213, is then 
given by 



*(0 = 1>*(0- (5) 



[0056] In some embodiments, the center frequencies of channels 301-1 through 301- 
K, frequencies fi through fio respectively, can be chosen by 



f k =B k (l+a k )(k- 0.5);1 <k<K. (6) 



In some embodiments, other center frequencies can be chosen, for example: 



/;> 0.55,(1 + ^) 

(f k -f^)^B k (l+a k );k>2- ( } 



In general, the center frequencies of channels 301-1 through 301-K can be any separated 
set of frequencies which substantially separate (i.e., minimizing overlap between 
channels) in frequency the transmission bands of transmission channels 301-1 through 
301-K. 

20 [0057] In some embodiments of the invention, DACs 406 and 407 may be moved to 
receive the output of summer 412. Further, in some embodiments DACs 406 and 407 can 
be replaced by a single DAC to receive the output of summer 213. However, such DACs 
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should have very high sampling rates. 

[0058] As an example, then, an embodiment of transmitter 210-p capable of 10 Gbps 
transmission can be formed. In that case, rj =10, i.e., an overall throughput of 10 Gbps 
from the transmitter to the receiver. The embodiment, for example, can have K=8 
5 channels 301-1 through 301-8, with the baud rate on each channel B being 1 56.25 times 
(7/8). In other words, n k = 7; 1 < k < 8 and encoder 402 is a 7/8 rate trellis encoder. 
Therefore, symbol mapper 403 can be a QAM symbol mapper with a 256-symbol 
constellation with baud rate B. The baud rate B, then, is the same on all eight sub- 
channels 301-1 through 301-8. In some embodiments, DACs 406 and 407 are each 1 0 bit 

10 DACs. A schematic diagram of an embodiment of trellis encoder 402 and an 

embodiment of the resultant 256-QAM constellation mapping are shown in Figures 6A 
and 6B, respectively. An example of a 256 symbol QAM mapping table is shown as 
Table I. The above described trellis encoder 402, in this embodiment, provides an 
asymptotic coding gain of about 3 dB over uncoded 128-QAM modulation with the same 

15 data rate, see, e.g., G. Ungerboeck., "Trellis Coding Modulation with Redundant Signal 
Sets, Part I. Introduction," IEEE Communications Magazine, vol. 25, no. 2, Feb. 1987, 
pp. 5-11, and G. Ungerboeck., "Trellis Coding Modulation with Redundant Signal Sets, 
Part II. State of the Art," IEEE Communications Magazine, vol. 25, no. 2, Feb. 1987, pp. 
12-21.. 

20 [0059] Figure 5 shows a block diagram of demodulator 222-k of receiver 220-p, 

where receiver 220-p is an arbitrary one of receivers 220-1 through 220-P of system 200 
and demodulator 222-k is an arbitrary one of demodulators 222-1 through 222-K. As 
shown in Figure 2C, the output signals from receiver input buffer 224, Z(t), is received in 
each of demodulators 222-1 through 222-K. Therefore, in Figure 5, demodulator 222-k 

25 receives input signal Z(t). 

[0060] Signal Z(t) is received in multipliers 501 and 502 where it is down-converted 
to baseband to obtain an in-phase component r^t) and a quadrature component r k Q (t). 
Multiplier 501 multiplies signal Z(t) with cos{2nf k t) and multiplier 502 multiplies signal 
Z(t) with sm{2nf k t) , where f k can be the locally generated estimate of the carrier center 

30 frequency f k from the corresponding transmission modulator 210-k. The clock signals 
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within component 201-p, an arbitrary one of components 201-1 through 201-P, which are 
generated based on the reference signal from PLL 230 as shown in Figure 2A, will have 
the same frequencies. However, the frequencies between differing ones of components 
201-1 through 201-P can be slightly different. Therefore, {f k }denotes the set of 
5 frequencies at the transmitter and {f k } denotes the set of frequencies at the receiver. 

[0061] As shown in Figure 5, PLL 523 generates the clock signals for receiver 222-k 
and also generates the sin(27t/ t f) signal. The cos(2nf k t) signal can be generated by n/2 
phase shifter 524. PLL 523 generates the sampling clock signal utilized in ADCs 506 and 
507 as well as AGC 520 based on the reference clock signal. PLL 523 also generates an 

10 RX CLK signal for output with the n k bit output signal from receiver 222-k. PLL 523 can 
be a free-running loop generating clock signals for receiver 222-k based on the reference 
clock signal. In some embodiments modulator 212-k of the transmitter and demodulator 
222-k of the receiver, because they are part of different ones of components 201-1 
through 201-P, are running off different clock signals. This means that the digital PLLs 

1 5 for timing recovery and carrier recovery correct both phase and frequency offsets 
between the transmitter clock signals and receiver clock signals. 

[0062] The output signals from multipliers 501 and 502 are input to low-pass filters 
504 and 505. Low-pass filters 504 and 505 are anti-aliasing filters. The output signals 
from low-pass filters 504 and 505 can, in some embodiments, be amplified in variable 
20 gain amplifiers 521 and 522, respectively. The output signals from low-pass filters 504 
and 505, then, are 



r/(f) = LPF[Z(t)cos(2nf k t)]g k 

r k Q {t) = LPF[Z(t)sm(2nf k t)]g k , (8) 



where g k represents the gain of amplifiers 521 and 522. 

[0063] Signals r^t) and r k Q (t) are input to analog-to-digital converters (ADC) 506 
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and 507, respectively. In some embodiments, ADCs 506 and 507 operate at a sampling 
rate higher than the transmission symbol rate, e.g. 2 times the QAM symbol rate. The 
timing clock signal, as well as the sin and cos functions of Equation (8), is determined by 
PLL 523. In outputs with n=10, K=8, and n k =7, as described above, ADCs 506 and 507 
can operate at a rate of 2*156.25(8/7) Msps. 

[0064] In some embodiments, the gain of amplifiers 521 and 522 can be set by 
automatic gain control circuit (AGC) 520. Gain control circuit 520 can receive the digital 
output signals from ADCs 506 and 507, r/ («) and r?(ri) , respectively, and determines 
the gain g k (n+l). Figure 8 shows an embodiment of AGC 520, which includes an AGC 
phase detector 801 and an integrator 802. Phase detector 801 estimates whether or not 
the mean-squared-power of signals r k \t) r k Q and (t) is at a pre-determined threshold value 
and, if not, provides a correction signal to adjust the amplitudes of signals rk(t) and r k Q (t). 
The output signal from phase detector 801 can be given by 



P!(n) = [G th -ti("f+r k e (n) 2 )l 



where G ft is the mean squared power of the signals input to ADCs 506 and 507 once 
AGC 520 converges. The output signal from phase detector 801, pf (n) , is then input to 
integrator 802. Integrator 802 digitally adjusts the gain g k according to 



g k (n + l) = g k (n)+a g pl(n), (10) 



where cc g determines the rate of adaptation of the AGC algorithm. The constant a g can be 
chosen to be a negative power of 2 for ease of implementation and also can be chosen 
25 such that the overall 3-dB bandwidth of AGC 520 is around 0.5% of the baud rate on the 
kth channel, channel 301-k. 
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[0065] In receiver 222-k of Figure 5, the digital output signals from ADCs 506 and 
507, r[(ri) and r k Q (n) , respectively, are input to FIR filters 508 and 509. In some 
embodiments, FIR filters 508 and 509 are interpolating matched filters which also 
provide sampling phase and frequency offset correction. In some embodiments, the 
5 frequency response of matched filters 508 and 509 is that of a square-root raised cosine 
signal shaping, as is described in Equation (2) above. The actual coefficients of matched 
FIR filters 508 and 509, then, are a function of the timing recovery algorithm in block 
517. Since ADCs 506 and 507 operate at twice the symbol rate B k , FIR filters 508 and 
509 also operate at twice the symbol rate B k . In some embodiment, the output signal 
10 from FIR filters 508 and 509 is at the symbol rate B k . 

[0066] In some embodiments of the invention, FIR filters 508 and 509 each execute a 
filter having coefficients given by 



where 2X+\ is the FIR filter length of transmit filters 404 and 405 of transmit modulator 
210-k and x k (n) is the timing recovery parameter calculated by tracking and timing 
recovery 517. The output signals from FIR filters 508 and 509 are down-converted by 
20 down-converters 510 and 511, respectively, to the symbol rate B k . 

[0067] The output signals from down-converters 510 and 511, F k (n) and F k Q («) , 
respectively, are then input to a phase rotation circuit 512. Phase rotation 512 rotates 
signals F k (n) and F k Q (n) according to the output of a carrier phase and frequency offset 
correction circuit, which depends on the difference between f k and f k , and the 
25 correction phase locked loop, 9. The rotation angle 8^ (ri) is computed in carrier tracking 
and timing recovery block 517. The resultant output signals of carrier phase rotation 



15 




(11) 
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circuit 512, D[ (n) and Df (n) , are given by: 



D[ (n) = F' k (n) cos0 k («)) + F k Q (n) sin(G k («)) 

D° (») = F k Q («) cos0 k (n)) - F k J («)sin(9 1 («)) . (12) 



[0068] The output signals from rotation circuit 5 1 2, £>/ («) and Df (n) , are then input 
to a complex adaptive equalizer 513 to counter the intersymbol interference caused by 
frequency dependent channel attenuation, and the reflections due to connectors and vias 
that exist in communication system 200 (which can be a backplane communication 
10 system, an inter-cabinet communication system, or a chip-to-chip communication 
system). 

[0069] It should be noted that because of the frequency division multiplexing of data 
signals, as is accomplished in transmitter 210-p and receiver 220-p, the amount of 
equalization needed in any one of channels 301-1 through 301-K is minimal. In some 

15 embodiments, such as the 8-channel, 7 bit per channel, 10 Gbps example, only about 3-4 
dB of transmission channel magnitude distortion needs to be equalized. In other words, 
the number of taps required in a transport function for equalizer 5 13 can be minimal (e.g., 
1-3 complex taps) in embodiments of the present invention, which can simplify receiver 
220-p considerably. In some embodiments of the invention, equalizer 513 can have any 

20 number of taps. 

[0070] In general, complex adaptive equalizer 513 can be a decision feedback 
equalizer (DFE) or a linear equalizer. See, e.g., EDWARD A. LEE, AND David G. 
Messerschmitt, Digital Communication, pp. 371-402 (Kluwer Academic Publishers, 
1988). The in-phase and quadrature output signals from adaptive equalizer 513 in 
25 embodiments with linear equalization can be given by: 
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E[{n)= J C x k {n)D[ (n - j) - C y k (n)D? (n - j) and 

j=-M 

E%n) = ^CtWDlin-A + CZOODiin-j). (13) 

i=-M 



The complex adaptive equalizer coefficients C x k (n) and C y k (n) can be updated according 
5 to the least mean squares (LMS) algorithm as described in Bernard Sklar, Digital 
Communications, Fundamentals and Applications (Prentice-Hall, Inc., 1988), for 
example. 

[0071] The coefficients are updated in tracking and timing recovery block 517, for 
example, according to the following update equations: 



CI (n + l) = CI in) - ii [e[ {n)D{ (») + ef {n)Df (»)] and 

C y (n + l) = C y (n)-ix \e Q k {n)D[{n)-e ] k {ri)D Q k {r{)\ (14) 



where jj. is the constant that determines the rate of adaptation of the coefficients, and 
e[(ri) and ef («) are estimated error values. The constant u is chosen to control the rate 
of adaptation, and , in some embodiments, is in the range of 2* to 2 14 . The estimated 
error values can be computed according to: 



20 



e[{n) = E[{n)-a I k {n) and 
e%(n) = Ej*(ri)-aj!(n), 



(15) 



where {a J k (n),af (»)} is the decision set based on the sample set {E^n^Ef («)}, and 
represents the closest QAM symbol in Euclidean distance to the sample set. See, e.g., 
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Edward A. Lee, and David G. Messerschmitt, Digital Communication, pp. 371- 
402 (Kluwer Academic Publishers, 1988). A decision set {a r k (n),af (n)} can be computed 
based on sample set in decision unit 516 and the results received into 

tracking and timing recovery circuit 517 where the estimated error values of Equation 15 
5 and the resulting coefficient updates of Equation 14 are computed. 

[0072] Figure 7 shows a block diagram of equalizer coefficient update, carrier 
tracking and timing recovery block 517. Block 517 includes error calculation block 701 
and coefficient update block 702. Error calculation block 701 receives decisions a[ (n) 
and af(n) from decision unit 516 as well as sample set signals E[(n) and Ef(ri) from 
10 complex adaptive equalizer 513 and calculates errors e[{n) and ef(n) according to 
Equation 14. Coefficient update 702 receives errors e[{n) and ef(rc) from error 
calculation block 701 and also receives signals D[{n) and Z)f («) from de-rotator 512 
and calculates updated equalizer coefficients for complex adaptive equalizer 513 
according to Equation 13. 

1 5 [0073] Tracking and timing recovery circuit 5 1 7 can also include a carrier recovery 
loop for controlling carrier phase rotation circuit 512 and a timing recovery loop for 
controlling interpolating FIR filters 508 and 509. In some embodiments, the timing 
recovery loop for determining x k (n+l) for FIR filters 508 and 509 in tracking and timing 
recovery 517 can be implemented as a 2 nd order digital phase locked loop as shown in 

20 Figure 7. 

[0074] The errors e[ («) and ef (n) from error calculation block 701 and the 
decisions a[{n) and af(n) from decision unit 516 are input to phase detector 703. 
Phase detector 703 produces an estimate of the phase error p k T , in some embodiments 
according to the following equation: 

25 

pi in) = [e{ {n - (n) - e{ {ri)a[ (n - 1)]+ [e Q k (n - l)af (n) - e Q k (n)af (n-1)} 
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(16) 



The output signal from phase detector 703, p k T , can then be input to a 2 nd order loop filter, 
which in some embodiments can have a transfer function given by 



where a T and J3 X are the loop filter coefficients that determine the timing recovery loop 
bandwidth and damping factor, respectively. The values of a x and J3 Z determine the 
carrier tracking loop bandwidth and damping factors. In some embodiments, a loop 
bandwidth equal to 1% of baud rate, and damping factor equal to 1 can be implemented. 
The loop bandwidth and damping factors can depend not only on loop filter coefficients, 
but also on phase detector slope, and the digital integrator gain. Thus, the output signal 
L x k (h) from loop filter 705 is given by 

L\ («) = a T pl («) + r k (n), where 



The output signal from loop filter 705, L\ (n) , is then input to a digitally implemented 
integrator 707, the output of which is the phase correction x k (n) given by 



(17) 



J l (») = V k («-!) + fi r P\ O " 1). 



(18) 



T k (n + l) = f k (n) + L\(n). 



(19) 



-24- 



11876.001 
777934 vl 



The phase correction x k (ri) is then received by FIR filters 508 and 509, as described 
above. 

[0075] The carrier phase recovery loop which computes the parameter Q utilized in 
phase rotation 5 1 7 can also be implemented as a 2 nd order digital phase locked loop as 
shown in Fig. 7. Phase detector 704 receives decision values {a[ («),af («)} from 
decision unit 516 and error signals ^ (»),ef («)} from error calculation 701, and 
produces an estimate of the phase error. In some embodiments, the estimate of the phase 
error p\ («) performed by phase detector 704 can be given by: 



P\ (") = [ef {n)sign{a' k («)}- e[ (n)sign{af («)}] , where 



(20) 



. lif x>0 

sign(x) = \ (21) 
[-lif x<0 v J 



[0076] The output signal from phase detector 704 can be input to a 2 nd order loop 
filter 706 with a transfer function given by 



L{z) = a e +/. 



(22) 



where a 9 and /? e are the loop filter coefficients that determine the timing recovery loop 
bandwidth and the damping factor and can be determined as described above with 
Equation 17. Thus, the output signal from loop filter 706 is given by 
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I? k («) = a d p k (n) + I k («), where 

ll(n) = I B k {n-V) + P 9 p\{n-\\ (23) 

The output signal from loop filter 706 is then input to a digitally implemented integrator 
5 708. The output signal from integrator 708, 0^ (n + 1) , is then given by 

0 k (n + l) = 0 k (n) + I? k (n). (24) 

The carrier tracking loop output signal Q k (n) , output from integrator 708, is then input to 
1 0 phase rotation circuit 512. 

[0077] As shown in Figure 5, the output signals from complex adaptive equalizer 
513, equalized samples {E k (n),Ef(n)}, are input to trellis decoder 514. Trellis decoding 
can be performed using the Viterbi algorithm, see, e.g., G. Ungerboeck., "Channel 
Coding with Multilevel/Phase Signals," IEEE Transactions on Information Theory, vol. 

1 5 IT-28, January 1 982, pp. 55-67, G. Ungerboeck., "Trellis Coding Modulation with 

Redundant Signal Sets, Part I. Introduction," IEEE Communications Magazine, vol. 25, 
no. 2, Feb. 1987, pp. 5-11, G. Ungerboeck., "Trellis Coding Modulation with Redundant 
Signal Sets, Part II. State of the Art," IEEE Communications Magazine, vol. 25, no. 2, 
Feb. 1987, pp. 12-21, or G.C.Clark, Jr., and J.B.Cain, Error Correction Coding 

20 for Digital Communications, pp.253-264(Plenum Press, New York, 1981). 

Additionally, trellis decoder 514 converts from the QAM symbol set back to parallel bits. 
The output signal from trellis decoder 514, which now contains n k parallel bits, is in put 
to descrambler 515. Descrambler 5 1 5 of receiver demodulator 222-k operates to reverse 
the scrambling operation of scrambler 401 of transmitter modulator 212-k. 

25 [0078] As is shown in Figure 2C, the output signals from each of demodulators 222- 1 
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through 222-K are recombined into an N-bit parallel signal in bit parsing 221 . 
Additionally, the RX clock signal is output from bit parsing 221 . 

[0079] Figure 9 shows a transceiver chip 900 according to the present invention. 
Transceiver chip 900 includes transmitter 21 0-p and receiver 220-p formed on a single 
5 semiconductor chip. In some embodiments, transceiver chip 900 is formed in silicon 
using CMOS technology. Transceiver chip 900 can receive N bits into transmitter 21 0-p 
and output N bits from receiver 220-p. In some embodiments, different pins may be 
utilized for input bits and output bits, as shown in Figure 9. In some embodiments, 
transmitter 21 0-p and receiver 220-p share the same N pins. Transmitter 900 receives a 

1 0 reference clock signal and outputs a receive clock signal from receiver 220-p. Further, 

transceiver 220 includes output pins for transmitting and receiving differential signals. In 
some embodiments, transmitter 21 0-p and receiver 220-p share the same output pins and 
in some embodiments transmitter 21 0-p and receiver 220-p are coupled to separate output 
pins. In some embodiments, transceiver chip 900 may be coupled to an optical driver for 

15 optical transmission. 

[0080] The embodiments of the invention described above are exemplary only and 
are not intended to be limiting. One skilled in the art will recognize various 
modifications to the embodiments disclosed that are intended to be within the scope and 
spirit of the present disclosure. As such, the invention is limited only by the following 
20 claims. 
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